The antigenic specificity of Listeria monocytogenes types I, 11 
CELL WALLS OF L. MONOCYTOGENES erated Centrifuge (Ivan Sorvall Inc., Norwalk, Conn.) at 2,000 X g.
Cultures grown on Trypticase Soy Agar for 24 hr at 37 C, and Gram stains of the cultures, were examined with a binocular scanning microscope. Colonial morphology and Gram stains were used to verify purity of cultures.
Cell disruption and preparation of wall fractions. Packed cells were diluted 1:4 (v/v) with phosphate buffer (pH 7.4) mixed with an equal weight of glass beads and disrupted in a Braun (model MSP) homogenizer (Bronwill Scientific, Rochester, N.Y.) cooled with liquid CO2.
After disruption, crude cell walls were isolated by differential centrifugation in 0.05 M phosphate buffer (pH 7.4). After resuspension in phosphate buffer, walls were treated with 1 mg of trypsin (Calbiochem) per ml of suspension and incubated at 37 C for 2 hr. A few drops of chloroform were added prior to each incubation to prevent bacterial growth. After incubation, the trypsinized walls were sedimented by centrifugation, resuspended in phosphate buffer, washed twice with buffer, and again resuspended; 1 mg of ribonuclease (Calbiochem) per ml of suspension was then added, and the suspension was again incubated for 2 hr at 37 C. The treated cell walls were again sedimented and resuspended in 0.05 M phosphate buffer. The walls were then washed by alternate centrifugation at 2,000 and 4,000 X g. The material sedimented at 2,000 X g was discarded and that sedimented at 4,000 X g was retained. The wash solution was analyzed for protein and nucleic acids by determining optical densities at wavelengths of 280 and 260 nm, respectivey, in a Beckman DB spectrophotometer. Approximately seven 25-ml washes were required for each of the five cell types to reduce the optical density at both wavelengths to 0.10 or lower. When this value was reached, the walls were considered to be essentially devoid of nucleic acids and protein. The walls were then sedimented, washed twice with distilled water, and lyophilized in a VirTis Freeze-Dryer.
Preparation of type-specific carbohydrate. Whole cells, grown and harvested as described above, were suspended in distilled water and lyophilized. To 1.0 g of dried cells was added 40 ml of formamide, and the mixture was heated in an oil bath at 145 to 150 C for 20 min. After cooling, the solubilized cells were dialyzed overnight at 4 C against buffered saline (pH 7.4) to remove formamide. After dialysis, the solubilized cells were treated with 1.0 mg (per ml) of Pronase (Calbiochem) and incubated for 4 hr at 37 C to release protein. The treated cells were then dialyzed overnight at 4 C against distilled water. Purified cell wall carbohydrate was isolated by the method described by Fuller (1) . The serological activity of the extract was checked against type-specific antisera by the capillary precipitin test.
Hydrolysates of cell walls and mucopeptide residue, after formamide extraction of the type-specific carbohydrate, were prepared by treatment with 6 N HCl at 103 C for 18 hr. The extracted carbohydrates were hydrolyzed with 3 N HCl at 103 C for 1 hr. Hydrolysates were dried in a 37 C water bath under vacuum, made up to 1 ml with 10% isopropanol, and stored at 4 C prior to amino acid analysis. Those portions which were to be analyzed for neutral sugars were dried over phosphorus pentoxide in a vacuum and made up to 1 ml with distilled water. Salts, amino acids, and amino sugars were removed by adding 100 mg of Dowex 50 (H+ form; Baker Chemical Co.). Dowex 1 (OH-form; Baker Chemical Co.) was then added until the pH of the mixture was approximately neutral. The mixture was filtered and the resins were washed on the filter with two 2-ml volumes of distilled water. The filtrate was dried under vacuum over phosphorus pentoxide and made up to 1 ml with 10% isopropanol. Amino acids and neutral sugars in hydrolysates were determined in a high-voltage paper electrophoresis apparatus (model D; Gilson Medical Electronics Co., Middleton, Wis.) by the method of Mabry and Todd (7) and Mabry, Gryboski, and Karam (6), respectively. All analytical results were verified by duplicate analysis.
Amino sugars could not be determined by electrophoresis because of trailing. Therefore, prior to analysis, amino sugars were converted to neutral sugars by ninhydrin oxidation (15) . After ninhydrin treatment, the solution was treated batchwise with Dowex 1 and Dowex 50 as described for neutral sugars, to remove all charged compounds (including excess ninhydrin). The treated hydrolysates were then brought to dryness over phosphorus pentoxide in a vacuum and made up to 1 ml with 10% isopropanol, and sugars were determined as described above.
Preparation of somatic antiserum. Type I and II antigens were prepared by scraping motile growth from the surface of 0.8% tryptose phosphate-containing semisolid agar which had been inoculated and incubated for 16 to 18 hr at 22 C. The organisms were suspended in 0.3% Formolized phosphate-buffered saline (pH 7.2) and diluted to yield a McFarland nephelometer reading of 4. Antigens of types III, IVa, and IVb were prepared by inoculating 500 ml of Trypticase Soy Broth with 2 ml of broth culture, incubating overnight at 37 C, and heat-killing at 60 C for 30 min. Cells were harvested by centrifugation, suspended in 20 ml of saline, and boiled for 2 hr.
Nine consecutive intramuscular injections of antigen mixed with Freund's incomplete adjuvant were administered to rabbits as follows: 0.1 ml of vaccine and 0.1 ml of adjuvant the first day and increasing daily to 0.9 ml of vaccine and 0.9 ml of adjuvant on the ninth day. The rabbits were then rested for 5 days and test-bled from the ear. If titers were at least 1: 32 by slide agglutination testing, the animals were bled out by cardiac puncture; otherwise, the animals were rested for 2 months and the schedule was repeated. Sera were obtained by using a refrigerated centrifuge, preserved with 1: 5,000 Merthiolate, and stored in the frozen state.
Preparation of absorbed antiserum. Absorbed antiserum was prepared by adding purified extracted homologous carbohydrate to the antiserum (3). The concentration of carbohydrate added was equal to that found to produce the equivalence point for a given antiserum. The mixtures were incubated at room temperature for 1 hr and held overnight at 4 C to Inhibition studies. Inhibition studies were conducted by adding 0.1 ml of a 10% solution of the sugar under study to 0.1 ml of antiserum, allowing the mixture to incubate for 1 hr at room temperature, and carrying out the quantitative precipitin test at the equivalence point as described above. Percentage inhibition was calculated by determining the ratio of the optical density obtained in the presence of the inhibitor with the optical density obtained in the absence of the inhibitor and multiplying by 100.
Agar diffusion precipitin test. The method used was an adaptation of the Ouchterlony (11) method as described by Muraschi and Tompkins (9) also found low concentrations of aspartic acid and lysine, which could not be confirmed in this study. It is possible that the lysine and aspartic acid they reported were present in their preparations as membrane contaminants.
In light of the relatively high ratios of N-acetylglucosamine to muramic acid found in the cell walls of types I, 11, and III, glucosamine must be present in excess of that found in the cell wall mucopeptide polymers of other organisms. This was borne out in later results obtained on hydrolysates of the formamide-extracted carbohydrate and the mucopeptide residue remaining after formamide extraction.
Considerable variations in amino sugar and neutral sugar concentrations (Table 1) were observed among the five types. Type 1 contained significant concentrations of glucosamine and the neutral sugars rhamnose and glucose. A small concentration of galactose was found in type II cell walls in addition to the rhamnose, glucose, and glucosamine present in those of type I. Type III consisted principally of galactose and glucosamine, with lower concentrations of galactosamine, rhamnose, and glucose. However, the galactose concentration of type III was considerably greater than in any of the other types except type IVa. Types IVa and IVb were similar in that each contained glucosamine, galactosamine, rhamnose, glucose, galactose, and mannose. Slight variations in concentrations, however, did exist, with a higher concentration of galactose present in the type IVa cell walls and a higher concentration of glucose in those of type IVb. Types IVa and IVb also contained considerably lower concentrations of glucosamine than did types I, II, and III.
Analysis of hydrolysates of the extracted carbohydrates of types I, 11, III, IVa, and IVb are shown in Table 2 . These results show that, with the exception of that portion of the glucosamine associated with the mucopeptide complex (Table  3) , all sugars and amino sugars are included in this fraction. The extracted carbohydrate was also essentially devoid of amino acids, indicating that this material must have been almost completely free of mucopeptide residue. As in the results of analysis of cell walls (Table 1) , the carbohydrates of types I and II were quite similar in that both contained rhamnose, glucose, and glucosamine. The type II carbohydrate, however, also contained galactose, which was not found in type I. Type III consisted primarily of galactose and glucosamine. Types IVa and IVb contained glucosamine, galactosamine, glucose, rhamnose, mannose, and galactose with only slight differences in concentrations. As with the Table 5 . These results show a high percentage of inhibition of the types I and II homologous reactions by rhamnose, with lesser degrees of inhibition by glucose, galactose, and glucosamine. Galactose and glucose strongly inhibited the types IVa and IVb homologous reactions, respectively. Other constituent sugars were much less effective as inhibitors. Inhibition of both reactions by the disacharride melibiose was high and greatly exceeded inhibition produced by other disacharrides tested. The antigenic relationship between types I and II is illustrated in Fig. 1 ; quantitative precipitin analyses with both homologous and heterologous antisera illustrated the strong cross-reactions between the two types, both of which were almost completely inhibited by rhamnose. Types I and II antisera absorbed with homlogous antisera lost practically all reactivity for the heterologous carbohydrate.
The cross-reactivity between type II carbohy- 
DISCUSSION
In our initial attempt to extract a serologically active carbohydrate from the cell walls of L. monocytogenes, the formamide extraction procedure described by Fuller (1) was used. The material recovered by this procedure consists of thermostable, acetone-and alcohol-precipitable, water-soluble substances which give negative protein reactions. Chemical analysis has revealed that this material consists principally of polysaccharides. These polysaccharides represent the soluble portion of the somatic antigen, to which they confer serological specificity (14) and offer an excellent means of studying the immunochemistry of the bacterial cell wall by eliminating peptideinduced cross-reactions.
However, this procedure, although successfully applied to streptococci (5), failed to produce a material which was serologically active when applied to Listeria. The extracted material was found to be anthrone-negative (13) and therefore did not consist of carbohydrate. Anthrone determinations on the alcohol precipitates were positive, indicating that protein attached to the carbohydrate may result in its inclusion in this fraction. Therefore, the formamide was dialyzed out and the dialysate was treated with Pronase followed by ribonuclease (Calbiochem) to remove protein and nucleic acids from the carbohydrate prior to alcohol and acetone precipitation. This procedure produced approximately 20 mg of relatively pure carbohydrate from 1 g of dried cells and provided the serologically active material required to complete the study.
The fact that free rhamnose clearly inhibits the reactions between types I and II carbohydrates and their homologous antisera demonstrates that rhamnose residues are of primary importance in determining the specificity of the cell wall carbohydrates of these two types. The inhibitory effects of glucose, galactose, and glucosamine, while significant, are considerablyless than that of rhamnose and cannot, therefore, be considered as being involved in the determination of primary specificity. The similarity of the inhibitory effect of rhamnose on the reactions of types I and II carbohydrates with their homologous antisera provides an explanation for the cross-reactions which occur between the two types of organisms during routine serological identifications.
All previous evidence has indicated that the 
